The study on close-quarter manoeuvring of vessels is of great importance for the safety and efficiency of maritime operations. In this paper, the hydrodynamic interactions between two vessels in moderate-speed overtaking manoeuvres are studied. Computational investigation by free-surface panel method is performed, and the results are assessed against experimental measurements from towing-tank model tests. The influences of overtaking speed and the speed difference between vessels on the hydrodynamic loads are studied. It is found that the free-surface deformation, on account of the blockage effects of the bodies, wave-making properties of the vessels, and the interference of unsteady wave patterns between the vessels, considerably affects the hydrodynamic interactions. In addition, it is also discovered that the influence from the unsteady heave and pitch motions of the hulls on the hydrodynamic loads can be non-negligible. Furthermore, it is found that the slower vessel to be overtaken generally experiences larger loads with more variation than the overtaking vessel. The loads on both vessels become more similar to those of a steady-state di-hull system when the speed difference between vessels is small.
Introduction
The study of interactions between two vessels travelling in close proximity is crucial for maritime safety. While previous studies of ship-to-ship interactions mostly centre on slow-speed (Froude number, F n ≈ 0.1) proximity manoeuvres of vessels in harbour areas or congested inland waterways, the advent of 
Mathematical formulations
Consider two vessels denoted as Hull 1 and Hull 2 moving in parallel at speeds U 1 and U 2 in an inviscid fluid domain of infinite depth. U 2 is greater than U 1 , and Hull 2 (the 'overtaking hull') eventually overtakes Hull 1 (the 'overtaken hull') in the process. O j x j y j z j (j = 1, 2) are the two moving coordinate systems attached to the two hulls, as shown in figure 1. The longitudinal distance between hulls, stagger st, is measured from the midship section of Hull 1 to that of Hull 2, while the lateral distance between hulls, separation sp, is taken as the absolute distance between the centerplanes of the two hulls, st = x 2 − x 1 and sp = |y 2 − y 1 |.
Potential-flow theory is applied with the water assumed inviscid, incompressible and the flow irrotational. Let the third set of coordinate system Oxyz be fixed to the Earth, then the fluid domain at time t can be described by the velocity potential φ governed by the Laplace equation,
where x = (x, y, z) represents a field point observed in the Earth-fixed system. The kinematic boundary condition to be satisfied on the hull surfaces S H 1 and S H 2 is given by
where n j = (n x , n y , n z ) j is the unit interior normal to the hull surface S H j . The deep water condition to be satisfied at the bottom takes shape as ∇φ → 0 as z → −∞, (2.3) and the upstream radiation condition states that the disturbance of the fluid must vanish sufficiently rapidly far ahead of the ship, which is given by
where r = x 2 + y 2 . To implement the upstream radiation condition numerically, the values of φ and the free-surface elevation are set to zero at the upstream boundary of the computational domain. Meanwhile, on the free surface, the kinematic and dynamic boundary conditions observed in the Earth-fixed coordinate system are given by [37] ζ t (x, y, t) = φ z (x, y, ζ , t) − φ x ζ x − φ y ζ y and φ t (x, y, ζ , t) = −gζ (x, y, t) − where g is the gravitational acceleration taken as 9.81 m s −2 , and ζ represents the free-surface elevation. In the present study, the above nonlinear boundary conditions which are to be satisfied on the deformed free surface are further linearized about the calm-water surface z = 0, and the linearized free-surface conditions on the calm-water surface S F are given as ζ t (x, y, t) = φ z (x, y, z = 0, t) and φ t (x, y, z = 0, t) = −gζ (x, y, t). (2.6) Lastly, the asymmetric flow pattern of the problem gives rise to a non-zero circulation around each moving hull in the horizontal plane. Therefore, Riemann type wake sheets S W 1 and S W 2 are introduced extending downstream from the sterns [3] . Across the wake sheet, the normal velocity is continuous while the potential is discontinuous. The potentials on the port side and starboard side of the wake sheet S W j are given by φ + j (x, z, t) and φ − j , respectively. Let C j (z) be a contour in the horizontal plane of constant z that goes around the hull with starting and ending points at the starboard side and port side of the stern, respectively. The instantaneous hull circulation along C j (z) is then given by where x TE,j is the x-coordinate of the trailing edge (stern) of hull j. It should also be mentioned that equation (2.7) and the straight, flat wake sheets as shown in figure 1 are only accurate for bodies with sharp trailing edges. In addition, in the present study, the circulation of a stationary hull is assumed zero.
Numerical implementation of the UMSPM (a) The surface integral formulation and discretization
To seek numerical solutions of the above time-dependent boundary-value problem, a potentialflow panel method called the Unsteady Multi-hull Simple-source Panel Method (UMSPM) is implemented. By applying Green's third identity, the integral equation for the velocity potential is given as [38] 2πφ(x, t) =
where x = (x, y, z) is a field point of interest in the domain and x = (x , y , z ) is the integration point. Also, φ denotes the dipole strength of the wake sheets and is given by (φ
is the simple-source Green function [37] defined as 
In the present study, the above integrals are computed by the analytical expressions introduced in Morino et al. [40] . For brevity, the potential and its normal derivative on the hull surfaces are labelled as φ H and φ H n , and those on the free surface as φ F and φ F n . With the above notations, equation (3. 3) can be re-organized as a linear system to solve for the unknowns φ H and φ F n : 5) where I is the identity matrix. The entries of C D and C S are computed using equation (3.4) with appropriate indices i and j. The values of φ H n are given by the hull surface condition of equation (2.2) , and the potential values of free surface φ F are updated from those of the last time step with the help of equation (2.6) with suitable forward speed transformation (see § §3b), while the dipole strength on the wake sheets is provided by the Kutta condition, which will be explained in § §3d.
(b) Time-marching by moving-patch method
In the present computational study, the free-surface mesh is divided into two patches along the centreline between hulls and move with the corresponding hulls at the same forward speed, as shown in figure 2 . The two independent free-surface patches cover a sufficiently large area of interests [41] and the free-surface elevation is constant within each panel; therefore, neither the alignment of patches nor the re-meshing of the entire domain is required in the time-marching, which makes mesh generation much easier. In addition, the two hulls in the computational study maintain constant sinkage and trim, that the relative distance between any two panels within the same patch is kept constant throughout the entire simulation. Therefore, one only needs to update half of the influence coefficients for each time step, which significantly reduces the computing time.
A typical mesh for the moving patches is shown in figure 2 . To account for the forward-speed effect of the moving frame of reference of each patch, in the steadily moving coordinate system O j x j y j z j of each patch, the free-surface condition of equation (2.6) is rewritten as
and φ
In each time step, the computed result of φ F n from equation (3.5) is substituted into equation (3.6a) for updating free-surface elevation ζ , which is subsequently invoked by equation (3.6b) to update φ F for the next time step. φ F and ζ of each patch are updated by the predictor-corrector method in time with Forward Euler as the predictor and the trapezoidal rule as the corrector, while the x derivatives of φ F and ζ are computed by second-order upstream finite difference scheme [42] , which is preferred for its better stability and lower numerical damping [43, 44] . The fluid domain of each patch measures eight and three ship lengths in the x and y directions, respectively. Numerical beach as introduced in Viotti & Dias [45] is located at the downstream edge (negative x direction) of each patch, and the ship waves approaching downstream boundary are gradually damped and eventually eliminated. Moreover, in all computational cases, Hull 2 starts at the initial position of st/L = −3, and the overtaking process ends with st/L = 1.5.
The unsteady dynamic pressure p j on the hull surfaces is computed from φ H , by applying the Euler's Integral [38] in the associated moving coordinate systems
where ρ is the density of water, and the time derivative of φ H is computed by fourth-order backward finite difference approach [46] . Even though we only intend to solve the linearized problem, the quadratic velocity terms are also included in equation (3.7) , so that the dynamic pressure on hull surfaces can be more accurately computed with no additional effort. The longitudinal force, lateral force and yaw moment acting on each hull are then computed by pressure integration on the hull surfaces [13] F xj = S H j pn x j dS,
where F x j , F y j and M z j denote the longitudinal force, lateral force and yaw moment acting about the centre of gravity of the hull, respectively. It should be mentioned that for a typical marine vessel with slender hull form such as the Series 60 hulls [47] 
(c) Computation of steady-state initial conditions
The initial free-surface elevation, potential value and the sinkage and trim of both hulls are given by the solutions of the classic steady-state Neumann-Kelvin problem [13, 38, 48] , in which both hulls travel with the same, constant forward speed U 0 . Then, the flow field around both hulls can be described in one global moving frame of reference O 0 x 0 y 0 z 0 travelling with the ships at speed U 0 , and the time-dependent linearized free-surface condition of equation (3.6) is modified as the combined linearized free-surface condition given as:
Correspondingly, the linear system of equation (3.5) is modified for the initial solutions of φ H 0 on hull surfaces and φ F 0 on the free surface 10) where the second derivative in the x 0 direction for influence coefficient C S is computed by Dawson's upstream finite-differencing scheme [12] along the slightly curved free-surface mesh line instead of the actual x 0 −axis. For slender hull with small waterline entrance angle such as the Series 60 hull in the present investigation, the numerical error introduced by such treatment is negligible [13] . Upon acquiring the potential values on the free surface, the steady-state free-surface elevation ζ 0 observed in the steadily moving frame is then given by [25, 48] 
The steady-state sinkage and trim of both hulls are also computed and kept constant in the following unsteady overtaking simulations. Of course, the hydrodynamic loads on both hulls during the overtaking process are time-dependent and will, in practice, lead to unsteady heave and pitch motions. It is possible to compute these motions induced by the unsteady hydrodynamic interactions by integrating the equations of motion of the two hulls in time [44] . However, it should be noted that the strong forces and moments caused by the added mass, added moment of inertia, and hydrodynamic motion coupling would either have to be treated implicitly when solving for the hull accelerations or require an iterative solution at each time step for the body motion to converge. In the former approach, additional boundary-value problems must be solved at each time step for φ t on the hull surfaces with the components of φ t that are proportional to body accelerations, the inertial contributions, treated implicitly. To simplify the computation, the dynamic heave and pitch motions (deviation from the initial steady-state sinkage and trim) of both hulls in the overtaking process are ignored, so that only the steady-state components are kept in the computation. In this formulation, the steady-state hydrodynamic pressure p 0 acting on each hull is also given by equation (3.7) with time derivative set to zero, and the sinkage h j and trim ϕ j of each hull are computed by the approach introduced in [49] .
In the overtaking simulations with U 1 = 0, the initial conditions are given by solving the monohull Neumann-Kelvin problem, in which Hull 2 moves at the overtaking speed U 2 without the presence of Hull 1, since the distance between hulls is very large at this moment, and the interaction effect is negligible. On the other hand, if Hull 2 is to overtake a moving Hull 1 U 2 > U 1 = 0, the two hulls are then solved first as a steady-state asymmetric di-hull system [27] , in which both hulls moves with U 1 i.e. the speed of the slower, overtaken hull. Then, at the beginning of the unsteady computation, Hull 2 speeds up to its designated overtaking speed U 2 with a constant acceleration of 0.5 m s −2 . The acceleration process usually finishes with Hull 2 reaching (d) Numerical implementation of the unsteady wake-shedding condition
To account for the vortex shedding of the moving hulls, dipole-type wake sheets [50] are introduced extending from the sterns of the moving hulls towards the negative x-axis. At each time step, a column of wake panels are created adjacent to the stern, and the grid size in the xdirection is equal to the distance travelled by the hull in one time step as shown in figure 3 . At time step k, the strength of the newly created column of wake panels at the trailing edge,
where t k is the time at step k, and Γ j is given by equation (2.7). The details on equation (3.12) is given in appendix A. The pressure continuity condition across the wake sheet dictates that its potential jump should stay constant once shed. Therefore, even though the circulation of the moving hull is timedependent, the dipole strength of the wake panels, once created, remains constant. In addition, a small gap is left between the top rows of the wake sheets and the free surface because vortices would quickly dissipate on the free surface [51] .
Experiment set-up and test matrix
The towing-tank tests on overtaking manoeuvres were conducted at the Physical-model Testing Facility of Richmond Field Station (RFS), UC Berkeley. The tank measures 80 m, 2.55 m and 1.8 m for length, width and depth, respectively. Figure 4 shows the schematic of the test set-up. Hull 1 was kept stationary at the middle of the towing tank with the help of a fixed aluminium cantilevered arm, while Hull 2 was driven by the towing-tank carriage to overtake Hull 1. A beamtype load cell was installed at the longitudinal centre of gravity of Hull 1 to measure the lateral force at a frequency of 125 Hz. The recorded signals were processed by low-pass filter with 5 Hz cut-off frequency. Another pair of load cells were mounted on the carriage to measure the drag and lateral forces of Hull 2. During the experiments, the time stamp of Hull 2 passing the midship of Hull 1 was marked by an HC-SR04 ultrasonic probe, so that the measured loads and the relative distance between hulls can be synchronized in the data post-processing. Furthermore, both model hulls were allowed to pitch and heave while other modes of motions were restrained; however, the unsteady sinkage and trim of both hulls in the overtaking process were not measured in the experiment.
The model hulls in the present computational and experimental study consist of a pair of identical Series 60 hulls of 1/80 scale ratio, with their detailed geometric features listed in table 1. Before testing, each model hull was ballast to the designated draft with even keel and zero sinkage and trim. Thin wires were installed around the first station near the bow of Hull 2 for generating turbulent flow environment on the hull surface. Tested overtaking speeds for Hull 2 were chosen between 1.01 and 1.24 m s −1 , and the corresponding Froude number F n = U/ gL are 0.260 and 0.321, respectively. The lateral distance between hulls i.e. the separation sp was set to 0.45 m, and both model hulls are placed with equal distance towards the centreline of the towing tank to minimize the influence from tank walls. The above information is also summarized in table 2 for reference. Hull 2 started at the far end of the towing tank and accelerated to the designated overtaking speed long before reaching the stern of Hull 1, and then performed the overtaking manoeuvre with constant forward speeds.
Meanwhile, the test parameters for overtaking simulation by the UMSPM computation are also summarized in table 2. As one of the major variables studied in the present research, the hull-speed ratio γ which represents the speed difference between ships is defined as:
Therefore, γ = 0 represents Hull 2 overtaking a stationary Hull 1 like in the towing-tank tests, while the speed difference between hulls reduces with increasing value of γ until γ = 1 is reached, when the two hulls move with the same forward speed and form a steady-state di-hull systems with fix stagger and separation [24, 27] . In the following illustrations, the convergence tests and the experimental validations of the computational scheme are conducted with the 
Results and discussions (a) Overtaking manoeuvres with zero γ
The plots for normalized longitudinal force, lateral force and yaw moment, denoted as C F x , C F y and C M z on the two hulls with different grid sizes and time steps for two hulls are shown in figure 5 . h is the uniform grid length in the x j directions for both patches and the normalized time step is given as t = U 2 t/h, where t is the dimensional time step and h is a typical grid size on the free surface in x-direction, respectively. In addition, the key features of hydrodynamic interactions in the overtaking process, i.e. the maximum positive lateral forces and the associated instantaneous stagger are computed with different grid sizes, and the results are compared with those of the finest grid and time step (h = L/38, t = 0.007). The differences are summarized in table 3 . Satisfactory convergence of results is observed for the computed loads on both hulls, and all of the computational results in the rest of the paper are computed with the scheme of h = L/36 and t = 0.009. Each free-surface patch has 288 and 40 panels in x and y directions, respectively, and the surface of each hull is discretized into 1080 (36 in the longitudinal and 30 in the girth-wise direction) panels.
The normalized longitudinal forces on both hulls are plotted with respect to stagger in figure 6a for four different Froude numbers of Hull 2 and F n 1 = 0. Then, the maximum computed longitudinal forces are given against increasing F n 2 in figure 6b. As Hull 2 approaches, Hull 1 begins to experience negative longitudinal forces in the opposite directions of U 2 , before switching sign at near-zero stagger. For Hull 2, the experimentally measured unsteady longitudinal forces show almost negligible variations from the steady-state wave resistance of the same model as reported by Yu et al. [27] , that the differences are too small to be captured with sufficient confidence [52] . Therefore, the experimental results of wave resistance coefficient C W are shown instead for reference. The computed unsteady longitudinal forces of Hull 2 also show negligible variations about a constant value, which is very similar to the experimentally measured wave resistance mentioned above. Meanwhile, as the overtaking hull experiences increasingly substantial wave resistances with higher forward speeds, the longitudinal forces on Hull 2 increase more significantly with respect to speed than those of Hull 1, especially for 
Hull 1, forces are observed in the experiments but are underestimated by the computations. Meanwhile, the computed results of C F y 2 of the overtaking hull still exhibit only minor variations around zero in all tested cases. The corresponding plots for instantaneous yaw moments are shown in figure 8 . It is discovered that small positive bow-in moments (the bow of a hull has the tendency of turning towards another hull) act on Hull 1 first as Hull 2 approaches, followed by more significant negative bow-out moments with st/L > −0.6. Then, the values of C M z1 turn positive again near st/L = 0 and reach peak values around st/L = 0.25. Meanwhile, the yaw moment of Hull 2 shows minor deviation from zero. It should be mentioned that the yaw moment is not measured in the experiment. However, since both lateral force and yaw moment are obtained by integrating the same pressure distribution, the results shown in figure 8 should qualitatively capture the large bow-in and bow-out moments up to st/L = 0.5 based on the results on the lateral force ( figure 7) . The results of zero-γ overtaking show that the loads in the lateral direction (lateral force and yaw moment) of the stationary overtaken hull are much greater than those on its identical overtaking counterpart in both magnitudes and variations. Besides, as the overtaking speed increases, Hull 1 will experience loads with larger magnitudes, especially for lateral force and yaw moment. Meanwhile, Hull 2 does not seem to be much affected by the stationary Hull 1 and behaves like a steady-state mono-hull moving in calm water, with almost constant longitudinal forces and near-zero lateral force and yaw moment. Furthermore, the simple potential-flow computation has been shown to provide satisfactory results of hydrodynamic loads on both hulls during the overtaking process with acceptable accuracy.
The computed instantaneous wave patterns with γ = 0 and F n 2 = 0.291 at four staggers are shown in figure 9 . For the same overtaking process, the distributions of dynamic pressure coefficient on the surface of both hulls are computed by
Then, C p 2 is given by
where C p 0 is given by the steady-state initial condition introduced in § §3c, in which Hull 2 travels alone in isolation at the overtaking speed without the presence of Hull 
expt. C p 1 and C p 2 with the same instantaneous stagger as in figure 9 are given in figure 10 . It is shown that Hull 1 effectively blocks the divergent waves [30, 53] of Hull 2 during the overtaking process, and the starboard free surface of Hull 1 is less disturbed than that of the port side as Hull 2 passes by. Consequently, figure 10 shows that the variations and magnitudes of pressure are more substantial on the port side of Hull 1 than on the starboard side. Meanwhile, the pressure on Hull 2 shows a small deviation from its steady-state initial condition. Furthermore, it can be observed that as Hull 2 passes Hull 1, the wave pattern of Hull 2 is no longer symmetric about its centreplane because of wave reflection from Hull 1. Nevertheless, the overall wave field is dominated by the trailing waves generated by the passing Hull 2, and it is difficult to visually separate out the reflected waves.
(b) Analysis oF the difference between experimental and computational results
It is shown in figure 7a that the computational results exhibit more short-period variations than the experimental measurements and the discrepancy is especially pronounced with st/L > 0.5, when Hull 1 becomes more exposed to the waves generated by the passing Hull 2. downstream ship waves [13] , which eventually evolves into underestimated periods for ship wave and wave-induced loads [48, 54] . Secondly, the support holding Hull 1 in the experiments is flexible, and Hull 1, which experiences strong hydrodynamic pressure as shown in figure 10 , exhibits notable pitch and heave oscillations of short period, implying substantial non-zero body acceleration. Therefore, the measured force F m (from the force strain gauge), actual hydrodynamic forces F hydro on Hull 1, its body acceleration a and the inertia matrix of the hull model M satisfy As a result, the oscillatory body acceleration, along with the substantial mass of the hull model, may well account for the fluctuations in the actual hydrodynamic force experienced by the hull (the computational result) that is not present in the measured force. In addition, since Hull 1 is initially at rest in the experiment, the influence of body acceleration is small during the first half (st/L < 0) of the overtaking process, resulting in better agreement between the measured and the computed forces. As time progresses, Hull 1 becomes more exposed to the waves of the passing Hull 2, and the body oscillation of Hull 1 gradually builds up. Consequently, the influence of body acceleration is more pronounced in the later stages of the overtaking process (st/L > 0.5), leading to less than the ideal agreement between the experimental and computational results. The presence of notable body oscillations especially for the overtaken hull suggests that a more complete description of the overtaking process with large speed differences will necessarily require unsteady heave and pitch motions of the hulls to be incorporated into the numerical computation. Furthermore, it has been shown that the sinkage and trim of each hull in a steady-state di-hull system (two hulls travelling at the same speed) can also be substantially different from mono-hull sinkage and trim as a result of the hydrodynamic interactions [16, 55] . This suggests that free heave and pitch may be important even for overtaking manoeuvres with very small speed differences which are only weakly unsteady. The computed loads at st/L = 0 with various values of γ are shown in figure 12 . When γ = 1 and st/L = 0, two hulls in fact constitute a symmetric catamaran [33] made by identical demihulls moving with constant forward speeds. Therefore, the loads at this moment are independent of time, and the longitudinal forces of both hulls are identical and equivalent to the calmwater wave-making resistance [23] of the demi-hull, while the lateral forces and yaw moments of both hulls are of same magnitudes but opposite directions. Meanwhile, the lateral force of Hull 1 reduces in magnitudes with larger values of γ , while its Hull 2 counterpart becomes more negative as γ increases, and both results approach the corresponding steady-state lateral forces at higher values of γ . On the other hand, the yaw moment of both hulls at st/L = 0 is generally small and do not change significantly with different values of γ . In general, with reducing speed differences between hulls, it is observed that the unsteady loads of both hulls at an instantaneous stagger becomes more and more similar to those of a steady-state di-hull system of the same hull spacing and forward speed [24] .
The computed instantaneous wave patterns of the overtaking process with γ = 0.3, 0.6 and 0.9 at various values of instantaneous stagger are shown in figure 13 . With smaller γ as shown in figure 13a, Hull 1 moves at much slower speeds than the overtaking hull and generates insignificant waves; therefore, its wave patterns are almost imperceptible in comparison with those of Hull 2. As the value of γ approaches one, two hulls generate waves with comparable amplitudes and wavelengths; therefore, more significant wave interference may be achieved which may considerably change the wave elevations of the flow field [24, 27, 56] . For example, as shown in figure 13c , the transverse ship waves of each hull are of similar wavelengths and heights, and significant increase in wave elevations is observed in-between hulls and behind sterns at nearzero stagger where two sets of ship waves align peak-to-peak. However, regardless of the value of γ , Hull 1 still effectively block the divergent waves of Hull 2 in a similar manner as in the cases of γ = 0 discussed in § §3b, and the free surface on the starboard of Hull 1 is less disturbed by the influence of Hull 2 during the overtaking process.
(d) Analysis of the free-surface effect
Compared with the studies of slow-speed ship-to-ship interactions [7, 57, 58] in which the freesurface effect is ignored, above observations of moderate-speed overtaking indicate a strong influence from the deformed free surface. In particular, wave-making of the moving hulls and the interference of ship waves are discovered to be the two major aspects of the free-surface effect, which substantially affect the loads on each hull in the overtaking process.
(i) Wave-making of hulls
Wave-making resistance becomes more significant for ships travelling at higher forward speeds. Therefore, if the longitudinal force is considered as the instantaneous wave resistance of a moving hull, it is not hard to deduce that the wave-making of each moving hull contributes considerably to its longitudinal force in the moderate-speed overtaking manoeuvre. Such claim can be easily substantiated by the discovery that the longitudinal force on Hull 2 in the process of overtaking a stationary Hull 1 is almost identical to its wave resistance in isolation. In the meantime, the loads on the stationary Hull 1 are also influenced by the uneven hydrodynamic pressure distribution associated with the deformed free surface. For instance, as shown in figures 7 and 9, compared to the relatively calm starboard free surface of Hull 1 caused by the blockage effect of hull body, positive pressure of port side wave peak (figure 9a) and the negative pressure of port side wave trough (figure 9b,c) are found to be associated with negative and positive lateral forces on the overtaken hull, respectively.
(ii) Interference of ship waves
In the overtaking manoeuvres of non-zero γ , the interference between two sets of ship waves becomes another important aspect of the free-surface effect. In a steady-state di-hull system, the in-phase (peak-to-peak alignment of waves) and out-of-phase (peak-trough alignment of waves) interference between two sets of ship waves can significantly increase or decrease the free-surface elevations and wave resistances of the two hulls. Similarly, in the unsteady interactions between two hulls in the overtaking manoeuvres, the phase difference between two sets of ship waves varies with respect to instantaneous stagger, and the resulting interference substantially changes the free-surface elevation of the fluid domain and the fluctuating loads on both hulls. For instance, as shown in figure 11a , as a result of travelling in the wave field generated by the overtaken hull, longitudinal force of Hull 2 exhibits much greater variations in the overtaking manoeuvres of non-zero γ . In addition, in the overtaking manoeuvres with larger γ as shown in figure 13c , a deep wave trough is formed in between two hulls due to in-phase wave interference at near-zero instantaneous stagger. For Hull 1, since its starboard free surface is also already considerably disturbed by its own wave-making, the uneven pressure distribution across both sides of the hull as in the case of zero γ overtaking is alleviated, which results in reduced positive peak lateral forces as shown in figure 11b . In the meantime, the wave pattern of the Hull 2 is made less symmetric as its starboard wave trough is deeper than that of the port side due to in-phase wave interference, which results in lateral forces in the negative y-direction for the overtaking hull. Interestingly, the above wave-interference effects on loads are discovered to be more significant with γ > 0.8, when the interference between ship waves is stronger with two sets of waves of comparable magnitudes and frequencies. The longitudinal forces of both hulls converge more rapidly towards the demi-hull wave resistance of a steady-state catamaran. Meanwhile, the lateral force of Hull 1 remains approximately constant for γ > 0.8, while that of Hull 2 becomes more negative at a faster rate. Conversely, in the overtaking manoeuvres with smaller γ , the small waves generated by the slow-moving overtaken Hull 1 exert insignificant influence on the wave pattern and loads of the overtaking hull, and Hull 2 behaves like a mono-hull travelling in isolation.
Concluding remarks
The interactions between two ships during calm-water moderate-speed overtaking manoeuvres in a deep, infinite fluid domain are studied both computationally by a potential-flow panel method, and experimentally by towing-tank tests. The results of the potential-flow panel method are validated by the experimental measurements; however, the absence of wave refraction in the free-surface modelling may be held accountable for the unrealistic variations of loads with positive instantaneous stagger between hulls. Furthermore, in the experiment, the zero-speed overtaken hull exhibits notable heave and pitch motions, which may have a non-negligible influence on the hydrodynamic interactions. Therefore, a more physically complete description of the overtaking process will require the unsteady motions of the hulls to be incorporated into the numerical computation. Nevertheless, the key features of the hydrodynamic interaction in the overtaking process, the maximum lateral force and the associated instantaneous stagger, are satisfactorily captured by the current computational model with steady sinkage and trim.
When the speed difference between hulls is large, it is shown that the slower vessel experiences loads of significantly larger magnitudes and stronger fluctuations, while the loads on the overtaking vessel resemble those of a mono-hull moving steadily in isolation in calm water. It is also observed that with reducing speed differences between vessels, the loads of both hulls approach those of a steady-state di-hull system.
The unsteady free surface around hulls is found to have non-negligible influences on the loads of both vessels. On one hand, the body of a much slower overtaken vessel effectively blocks the divergent waves generated by its quickly passing counterpart; on the other hand, when two ships travel with comparable speeds, the interference of ship waves considerably changes the free-surface elevations between the two vessels. Consequently, the hydrodynamic loads on both vessels are considerably affected by the uneven free-surface elevations around the hulls.
Data accessibility. The experimental measurements of lateral forces on Hull 1 (figure 7a) are uploaded as supplemental materials in .xlsx format (Excel spreadsheet).
